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Abstract 
Identification of friction data at high temperatures is still a critical point in the optimization of forming processes. In the present 
paper the WHUST (Warm and Hot Upsetting Sliding Test) dedicated to the tribology of metal forming processes at high 
temperature is presented. The friction test is able to operate according to a large range of plastic strains, contact pressures and 
temperatures. The methodology to use the friction test to respect contact conditions encountered at the tool/workpiece interface 
of various industrial forming processes is discussed. Then three designs of experiments are achieved. The first set of 
experiments is performed to study the effects of the composition of graphite based lubricants on friction of hot forging tool. A 
particular attention is paid on the volume of lubricant used, the size of graphite particles and the amount of binding agents. The 
second set of experiments is performed to quantify the ability of two white lubricants to reduce friction and protect tool surface. 
The first lubricant is a mineral salt; the second one is an organic salt. Tests are performed at 1200 °C on AISI 4820 steel 
specimens, with AISI H11 nitrided steel contactors. Results show the tested white lubricants lead to coefficient of friction in the 
same range of the graphite lubricant one, but white lubricants lose their ability to reduce friction as soon as the sliding lengths 
becomes greater to 10 mm, where graphite lubricants can undergo sliding length greater than 30 mm. The last experiments are 
performed to qualify a new sol-gel coating deposited on a common tool steel AISI H13. Tests are operated at 1100 °C on AISI 
4820 steel specimens. After each test, the ability of the coating to reduce friction and prevent metal transfer from specimens to 
the coated tool surfaces is established. 
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1. Introduction 
Lubricants used in metal forming ensure multiple functions. Obviously they have to reduce friction, but they 
also have to cool down tool surface, to protect workpiece surface from scratch or cracks, to limit surface pollution 
by wear debris and, most of all, they have to respect the environment [1]. This large range of functionalities has 
encouraged suppliers to develop numerous families of lubricants: liquid lubricants, containing water or oil, solid 
lubricants, such as soaps, phosphates, polymers or mineral salts. Even if the chemical compositions of all those 
lubricants may be totally different, most of them are the association of three main chemical parts: an active agent to 
reduce friction and protect tool and workpiece surfaces, a binder to help the lubricant to adhere to surfaces and to 
be able to undergo large deformation, and a conveyor to “drive” the active agents to the contact surfaces [2].  
On the other hand, tribology of metal forming process is quite complex. Friction between tools and workpieces 
depends on numerous factors:  
x Mechanical parameters such as contact pressure, plastic strain, strain rate, sliding velocities, material yield 
stress,  
x Physical parameters such as roughness, temperature, viscosity, lubricant film thickness,  
x Chemical parameters such as surface energy, presence of oxides, chemical reactions between lubricant and 
metallic surfaces, etc. 
The choice of a lubricant is still a crucial point in the development of a metal forming process. A non-
appropriated lubricant, or a non-appropriated use of a good lubricant, may decrease tool life by generating an 
unwanted wear regime, or may lead to a poor workpiece surface quality. The difficulties of choosing a lubricant 
arise, first, from the great number of lubricants available on the market and, second, from the difficulty to test them 
according to the real conditions of use they are submitted to.  
The present work proposes to improve the understanding of lubricated contact during hot forging of metals by 
the use of a specific friction test. First, the friction test and the methodology developed to analyse its results will be 
presented. Then, the methodology will be applied to several industrial cases, involving graphite based lubricants, 
white lubricants and new sol-gel tool coatings.   
2. Warm and hot upsetting-sliding test 
The Warm and Hot Upsetting Sliding Test (WHUST) is an experimental apparatus designed to simulate 
conditions of contact taking place in hot forging operations [3,4]. The WHUST involves a contactor which comes 
in contact with a specimen and slides along its surface with constant sliding speed. The WHUST parameters are 
the geometry of the contactor, its velocity, its penetration within the specimen, and the contactor and specimen 
temperatures (Figure 1).  
Coefficients of friction are strongly related to mechanical, physical and chemical parameters of the surfaces in 
contact [5]. The use of a laboratory friction test to perform a reliable identification of tribological data requires the 
simulation of these parameters. It is impossible for a laboratory test to simulate each and every parameter acting on 
friction. To overcome these difficulties, the WHUST uses parts of the industrial workpiece as specimens, parts of 
actual tools as contactors, and lubricants taken from the process tanks. This peculiarity allows the WHUST to 
respect the chemical and physical characteristics of the contact (surface reactivity, adsorbed gas, material structure, 
hardness, roughness, oxide scale, wear particles, etc.). Contactor and specimen temperatures are respectively 
adjustable from room temperature to 300 and 1200 °C. The mechanical parameters of the contact (mainly contact 
pressure, strain, strain rate and sliding velocity) are adjusted using the test parameters (penetration, geometry of the 
contactor).  
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Fig. 1. Schematic view of the WHUST (a), unused contactor (b) and 
worn contactor (c).  
 
Fig. 2. Methodology to analyse tribological performances of a 
lubricant according to real conditions of contact. 
 
The methodology to select test parameters in order to simulate realistic mechanical process parameters operates 
in four steps (Fig. 2):  
x Step 1: process mechanical analysis. A finite element simulation of the industrial process is performed. 
Mechanical data such as strains, strain rates and contact pressure at the tool/workpiece interface are 
computed. They become the target to be reproduced on the WHUST. Direct measurements on the industrial 
process are also performed when possible (tool temperature, lubricant film thickness before forming…). 
x Step 2: identification of optimum WHUST parameters. Test parameters are identified so that mechanical 
data simulated by the WHUST are closed to the process ones. Finite element computations of the WHUST 
are then performed with various contactor penetrations and geometries. An inverse methodology of 
identification is used to compare mechanical data at the contactor/specimen interface to the process ones, 
obtained in step one. 
x Step 3: testing. First, an induction heating is used to bring the specimen to the desired temperature. 
Specimen temperature is controlled by three thermocouples. Then, the contactor is heated by a regulated 
heating cartridge up to 300 °C. Lubricant is applied on the contactor surface, respecting industrial 
lubrication conditions. Finally, the penetration of the contactor is adjusted, and the contactor creates a local 
plastic strain by sliding along specimen surface. Tests are performed three times, with unused contactors 
and specimens, to ensure their repeatability. 
x Step 4: lubrication evaluation. Normal and tangential forces on contactor are recorded during the tests. 
Contactor and specimen surfaces are analysed before and after testing. “Performance markers” are derived 
from these data in order to obtain quantitative or qualitative information on the ability of the lubricant to 
reduce friction and to protect both specimen and contactor surfaces: a coefficient of friction, a critical length 
before defect occurrence and surface analyses [6]. Material transfer from specimen to contactor and 
contactor roughness evolution are also considered to evaluate lubricant efficiency. 
3. Forming process: hot forging of “tripod” 
Lubricants studied in the present work are tested according to the conditions of contact encountered during the 
hot forging of a tripod. Workpieces were made of AISI 4820 steel and tools were made of nitrited AISI H11 steel. 
Some experimental measurements were performed in the industrial workshop. Just before the forming sequence, 
the temperature of the workpiece was equaled to 1100 °C, the temperature of the tools was equaled to 200 °C and 
the workpiece presented an oxide scale layer of 18-20 μm thick.  
The study focusses on the contact between the workpiece along the flank of the dies, near the flash zone. Finite 
element computations of the process were run using the commercial software Forge® developed by Transvalor in 
order to identify the mechanical parameters of the contact (Fig. 3). Results lead to a contact pressure equal to 190 
MPa and a sliding velocity equal to 60 mm/s. 
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Fig. 3. (a), (b), (c) Finite element mesh of the process, (d) final form of the tripod, from [7]. 
 
In the following parts, the WHUST parameters were adjusted so that the contact pressure and sliding speed 
simulated produced on the bench were respectively equalled to 160 MPa and 60 mm/s. The temperature of 
contactors surface was set to 200 °C by a heating cartridge and the temperature of specimens was set to 1100 °C by 
induction heating. The heating speed of the specimens was adjusted so that the oxide scale developed at specimen 
surfaces was equal to 20 μm.  
4. Testing of graphite dispersion in water lubricants 
Graphite is widely used in the forging industries. The good lubricity of graphite is due to its lamellar structure. 
But a lamellar structure is not enough to provide low friction. Graphite has to be contaminated by water or other 
condensable vapours [8, 9]. So graphite used in hot forging is typically applied as fine suspension of graphite 
particles in liquid. This suspension is sprayed over the hot dies. The liquid carrier evaporates, leaving behind a thin 
and uniform layer of solid lubricant. The liquid carrier has then three main functions: it carries graphite onto the 
surface, it generates vapour that enables graphite layers to slip one on another, and it cools down tool surfaces.  
Graphite suspensions in water are generally composed of 95% of water and 5% of graphite particles. Graphite 
particle sizes range from 10 to 40 μm. Bonding agents – like Na-Si compounds – are also added to suspensions in 
order to reinforce the adherence of graphite layer on tool surfaces.  
WHUST trials were performed with different graphite in water suspensions and with different conditions of 
application. Results in terms of coefficient of friction μ and critical length Lc are presented in table 1. The critical 
length Lc is the sliding distance along the specimen before a scratch appears. It characterises the ability of a 
lubricant to protect specimen surface. As specimens were 40mm long, an Lc value of 40 mean that no scratch 
appears during the test and no breakdown of the lubricant layer on tool surface was observed.   
Results highlight that the film thickness of the lubricant layer has to be greater than or equal to 30 μm. For 
thinner layer, the graphite is quickly “consume” during the sliding contact leading to the occurrence of scratches 
and an increase of the coefficient of friction.  
Particle sizes of graphite play a role in the structure of the graphite layer. Large particle sizes lead to 
heterogeneous graphite layers (Fig. 4). Parts of contactor surface are not protected, direct metal-to-metal contacts 
occur and scratches appear on specimen surface, leading to an increase of the friction forces. 
Bonding agent used in the formulation of the lubricant have a great influence on the structure of the graphite 
layer on tool surface. For small quantities of bonding agent, the adherence of graphite layer on tool surface is wick 
and scratches appear very quickly. When an abnormally high quantity of bonding is used, the protection of 
specimen surface is ensured by the graphite layer first, and by the bonding agent when all the graphite have been 
consumed during the sliding. So scratches finally appear and friction increases.  
 
Table 1. Evolution of coefficient of friction and critical length for several configurations of lubrication by dispersions of graphite in water. 
 
Lubricant film thickness  
(particle size=medium, bonding agent=28%) 
Lubricant particles size 
(Thickness=30μm, bonding agent=28%) 
Bonding agent content 
(thickness=30μm, particle size=medium) 
 0 μm 10 μm 30 μm 40 μm  small medium large  10% 28% 50% 
Coefficient 
of friction μ 0.65
±0.06 0.46±0.04 0.28±0.03 0.16±0.01  0.20±0.03 0.28±0.03 0.36 ±0.02  0.34±0.02 0.28±0.03 0.25 ±0.02 
Critical 
length Lc 18.5
±1.4 33.2±1.6 40±0.0 40±0.0  40 ±0.0 40±0.0 36.0 ±1.6  20 ±1.3 40±0.0 36.0 ±1.6 
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Fig. 4. EDS analyses of graphite layer for small and large. 
 
 
Fig. 5. Coefficient of friction vs sliding length for two white 
lubricants. 
5. Testing of two white lubricants 
If graphite is widely used in industries, vapours resulting from the lubricant deposition on hot surfaces lead to 
dirty workspaces, leakage to soil and groundwater. As a consequence, new lubricants have been developed in order 
to reduce friction in a cleaner way. These lubricants are called “white lubricants”, in opposition to “black 
lubricants” containing graphite. White lubricants used in industry are mainly polymer base, carvone base and 
liquid glass base are [10].  
Two different commercial white lubricants have been tested with the WHUST and compare to a graphite 
solution. The first one (WL1) is a mineral salt, the second one (WL2) is an emulsion of oil in water.  
At the beginning of the test, both white lubricants lead to coefficients of friction close to 0.2, with small a 
scattering between the experimental results (±0.02). But after a sliding distance of 10 mm, the coefficients of 
friction strongly increase up to 0.5. The scattering in the measurements is also strongly modified: the coefficient of 
friction related to WL2 varies from 0.4 to 0.7 at a sliding distance of 25 mm (Fig. 5). As a comparison, a generic 
graphite lubricant (dispersion of 5% of medium particle size graphite in water) tested according to the same contact 
conditions, lead to a coefficient of friction which slightly increase from 0.14 to 0.33, with a scattering remaining 
lower than 0.02. EDS analyses performed after the tests show that the lubricants WL1 and WL2 have totally 
disappeared from tool surfaces, no trace of sodium (WL1) or silicon (WL2) is noticeable by EDS analyses.  
In conclusion, both white lubricants tested in the present survey can be used as a substitution to a graphite 
dispersion in water as soon as the sliding lengths remains lower than 10 mm. For higher sliding length, new 
formulation with higher bonding or higher film thickness would be required. 
6. Effect of new sol-gel tool coating on friction 
Sol-gel techniques are a promising way to chemically functionalize or passivate a surface [11, 12]. A sol-gel 
coat has already proved great results for corrosion resistance properties by changing the chemical nature of the 
interface and protecting the coated steel at temperature up to 1000 °C [13]. In the present work, an alumina Sol-Gel 
coating is prepared by controlled gelification of Aluminum tri-sec butoxide precursor in an alcoholic based solvent 
[13]. D-alumina is chosen due to its high hardness and was successfully used as a load powder in alumina sol-gel 
coating [14]. Hexagonal-Boron nitride is introduced in the sol-gel film due to its lubricant effect [15].  
WHUST were performed in order to test this new coating in hot forging conditions. No lubricant was used for 
these trials. Contactors were made of stainless steel in order to prevent any unwanted reaction between the 
substrate and the coating. Specimens were in AISI 4820.  
Figure 6 presents the surface of the tool after the trials. Thick fragments of material torn from the specimen 
surface are present on the uncoated contactor, when only thin layer tracks remain on coated contactor. Loading the 
coating with boron nitride has a clear impact on the adhesion behaviour of fragments generated during the contact. 
This has a direct effect on the coefficient of friction, which decreases from 0.7 without coating to 0.4 with sol-gel 
coating.  
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Fig. 6. Sticking material on a stainless tool (a) without any coating, (b) with alumina 
coating loaded with h-BN particle. 
7. Conclusion 
The Warm and Hot Upsetting Sliding Test has been designed to reproduce in laboratory the conditions of 
contact encountered in hot forming processes. WHUST results provide microscopic and macroscopic information 
such as coefficient of friction, sliding length before scratch occurrence, and EDS analyses, that characterise 
lubricant efficiency to reduce friction and protect tools and workpieces surfaces. Tests operated with different 
lubricant film thicknesses, different families of lubricants and with or without tool coating have shown that the 
WHUST is able to differentiate the tribological behaviour of two lubricants, even when they differ only by the 
particle size of their active agent. The WHUST is then an useful tool to help engineers in the difficult task of 
choosing appropriate lubricants for metal forming processes. 
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